cleic acid sequences (genes) in a haploid primordial organism (protocell) that can accurately segregate either independently (gene segregation [GS] ) or as a single unit It is usually assumed that, during the evolution of proto-(chromosome segregation [CS] ) in the daughter protocells, self-replicating unlinked genes must have given rise cells. Also consider that, as each of these genes mutate to self-replicating linear complexes (chromosomes; Buss from the wild-type allele A i (i ϭ 1, 2, . . . , N) to the mu-1987; Maynard Szathmáry 1993, 1995; Szath- tant allele, a i has occurred with a frequency of u. If all máry and Maynard Smith 1993) . Protection against mutations are assumed to be deleterious (s Ͼ 0) and if selfish replicators and the segregation of complete comthe relative fitness of an individual with k mutant genes plements of essential genes to the daughter protocells are is (1 Ϫ s) k compared with that of the wild type, the elethought to have overcome, in the long-term, the putative ments of the transition matrix between two consecutive intrinsic disadvantage of chromosome replication in generations depend on the number of segregating units, comparison to gene replication, provided that the nummutation rate, and selection coefficient against the muber of genes per protocell was small (Maynard Smith and tant alleles. Mutation was assumed to occur following a . I hypothesize here that a further, Poisson distribution with parameter u(N Ϫ k) (see Pamperhaps more important, short-term advantage for proilo et al. 1987) . tocells in having a chromosome might have arisen from
To obtain the conditional probabilities in the transithe mechanisms of replication and segregation when tion matrices, the key assumption here is that the original asexual reproduction occurs by binary fission and protosingle-stranded nucleic acid sequences (probably RNA or cells were faced with a high rate of deleterious mutations.
RNA-like molecules) were self-replicative, namely, both Besides allowing organisms (e.g., prokaryotes) to be poreplica and template could be reused as templates (Eigen tentially immortal (Bell 1988b; Partridge and Barton et al. 1981; Biebricher 1983 Biebricher , 1987 . Therefore, as a result 1993), binary fission ensures that one of the two daughof template redistribution after fission, only one of the ter cells receives a mutation-free gene (see below). Furtwo daughter protocells carried any new mutant allele thermore, even if we assume that stochastic equipartition produced during replication. This might well be roughly of cooperative genes was reached, by any means, at some the case even in actual populations of bacteria because stage of protocell evolution (however, see below), funcsemidiscontinuous DNA duplication results in two kinds tional integrity was better preserved with chromosome of strands: the leading strand, where replication can ocsegregation because of the strong coupling association of cur concomitantly with unwinding of the parental helix, deleterious mutations (Fisher 1958) . Primitive genetic and the lagging strand (producing Okazaki fragments), systems are usually assumed to have been faced with the where replication occurs after exposing an extensive problem of ''error catastrophe'' (Eigen 1992) which could be due to enzymological and architectural Replication of N essential genes in a haploid wild-type protocell at generation t 0 . The mutation frequency to deleterious alleles per gene per replication is u, and it is assumed that genes 1 and 2 have mutated after replication. When the genes are linked on a single chromosome, all new mutants are transmitted to only one of the two daughter protocells (chromosome segregation). However, two different outcomes are equally possible if there is no linkage and segregation is accurate (gene segregation). In this case, the frequency distribution of mutations per protocell at generation t 1 will be proportional to the series in the Pascal triangle with n ϭ 2, namely 1: 2:1 for, respectively, 0, 1, and 2 mutations. This can be easily generalized to any number of new mutant genes.
asymmetries during DNA replication (Roberts et al. actual RNA viruses is in the order of 10 Ϫ3 -10 Ϫ5 per nucleotide replication (Holland et al. 1982; Domingo et al. 1994 ; see also Doi et al. 1994; Umar and Kunkel 1996) . With n Ն 1 new mutant gene, 2 nϪ1 possible outcomes 1985) , and the average copying fidelity per nucleotide was probably between 10 Ϫ1 and 10 Ϫ2 before the evolution would be possible in the daughter protocells with GS, but only one with CS (see fig. 1 ). Once mutation and selec-of efficient enzymatic replication (Friedberg et al. 1995) .
A usually invoked paradox, related to old ideas about tion are balanced, the frequency distribution of mutations per protocell represents an equilibrium, and no fur-the mutation load (Haldane 1937; Szathmáry 1989) , is that primitive small genomes did not have sufficient inther genetic deterioration will occur (backward mutation and genetic drift are assumed here to be negligible).
formation to code for an error-correcting replication machinery and larger genomes cannot evolve without error correction because selection becomes too weak to keep Some Consequences for the Mutation Load the population of replicating sequences within a narrow cloud surrounding the region of information space The relative fitness advantage of CS in comparison to GS is illustrated in figure 2 for different values of u and s. (Maynard Smith 1983; Szathmáry 1989; Eigen 1992; Kauffman 1993; Maynard Smith and Szathmáry 1995) . With CS, it was assumed that all new mutant classes after each replication process and template redistribution dur-Yet evolution clearly did not stop with small replicators.
Cooperation among a set of small replicators, each below ing fission contributed with one-half of their frequency to the parental class. With GS, however, they also pro-the error threshold, has been advanced as a possible solution to the paradox (Szathmáry 1989 ; Maynard Smith portionately contributed to all previous (least-loaded ) classes following the series in the Pascal triangle. Starting and Szathmáry 1995). A further possibility that does not necessarily invoke the cooperative interactions of replifrom an infinitely large population of wild-type protocells, the figure plots the ratios of average fitnesses at cators for the benefit of the protocell (i.e., group selection), is also implicit in figure 2. The mutation load is equilibrium. With u values in the order of 10 Ϫ1 or higher, chromosome segregation greatly increases the fitness vari-L ϭ (w max Ϫ w)/w max , where w is the mean fitness and w max is the fitness of a (perhaps hypothetical) genotype ance in the population and, hence, the efficiency of selection against deleterious mutations. It is reasonable to as-with no mutations. For multiple, independently selected loci, a well-known standard result is L N Ϸ 1 Ϫ e ϪU , where sume that the frequency of errors during self-replication was very high in primitive protocells. Mutation rates of U ϭ ∑u is the haploid mutation rate (Kimura and 1966; Crow 1970) . However, if the genomic untenable load. These results also suggest that genome redundancy, although quite possible in primitive RNA deleterious mutation rate is large, say of the order 1 or higher, the total mutation load can be substantially re-genomes, was not necessarily one of the first errorminimizing strategies in evolution (Reanney 1987) . Even duced when reproduction occurs by binary fission and replicators are linked together in a single segregation unit if we assume that, in protocells, chromosomes were initially selected for to reduce the risk of loss of a particular ( fig. 3) . A lower load rate plateau is observed, provided that mutation is not a much stronger force than selection gene by random segregation (Cavalier-Smith 1987; Szathmáry 1993, 1995) , the joining of and the amount of information could substantially increase without the protocell having to face a large and different RNA molecules in a large linkage group could, Figure 3 : Mutation load as a function of the number of genes in a protocell with u ϭ 0.1 and s ϭ 0.1. When the loci have independent effects on fitness, E ϭ 0, while E Ͼ 0 means that the fitness of a multiple mutant is less than the product of the fitnesses of the single mutants. The dotted line plots the standard expectation for the mutation load in an asexual population under mutationselection equilibrium and clearly illustrates Eigen's paradox (Szathmáry 1989 ) that the selectively maintainable amount of information is limited by the length of a nucleotide sequence. in addition, help solve the problem of information decay assumption that templates keep their initial uncontaminated (wild-type) state is somewhat artificial because they faced by higher level fitness units during prebiotic evolution. The putative costs of cooperation in terms of time will ultimately be lost by chance or degradation and must be replaced by newer copies. and energy expended during replication Szathmáry 1993, 1995) are easily overcome by the large fitness increase resulting from chromosome segreConcluding Remarks gation. Once the set of nucleic acid molecules are linked together to form a larger whole (chromosome), it is not In the model, I have assumed accurate segregation of sister molecules, but it seems likely that primordial gedifficult to imagine the evolution of an error-correcting machinery by natural selection.
nomes consisted of unlinked genes with random assortment into offspring cells after replication (Maynard I have assumed so far that mutations have independent effects on fitness and have also neglected the sto-Smith and Szathmáry 1995). Szathmáry and Demeter (1987; see also Szathmáry 1989 ; Maynard Smith and chastic loss of least-loaded classes of protocells, a process known as ''Muller's ratchet'' (Muller 1964; Felsenstein Szathmáry 1995; Szathmáry and Maynard Smith 1997) proposed the stochastic corrector model as a protocellu-1974; Bell 1988a Bell , 1988b Charlesworth and Charlesworth 1997) . Epistasis could be introduced in the model by rep-lar resolution to Eigen's paradox. This model assumes random segregation with necessary polyploidy as a saferesenting the fitness of an individual with k mutant genes as (1 Ϫ sk E ) k , where E expresses the epistatic interaction guard against spontaneous aneuploidy. Therefore, a more realistic treatment to compare the mutation loads of gene between loci (Bell 1988a (Bell , 1988b . With positive epistasis, each additional deleterious mutation leads to a larger de-segregation and chromosome segregation should probably take the stochastic corrector model as a starting phase crease of relative fitness, and the average fitness at equilibrium increases. This does not seem, however, to during the early evolution of life. This model rests on the following assumptions (see Szathmáry and Maynard greatly affect the relative advantage of CS versus GS ( fig.  3) , and the same is also true with negative epistasis. On Smith 1997): templates contribute to the fitness of the protocell as a whole, and there is an optimal composithe other hand, numerical studies (M. Santos, unpublished data) have shown that the ratchet effect becomes tion; templates compete with each other within the same protocell; replication of templates is described by stomore important with random gene segregation. The reason is quite obvious: with u Ϸ 10 Ϫ1 the frequency of un-chastic chemical kinetics; there is no individual regulation of template copy number per protocell; and temloaded classes is substantially higher when all genes segregate as a unit in comparison to independent gene plates are assorted randomly into offspring cells upon division. Under these conditions, it turns out that the segregation ( fig. 4) , so their random loss becomes less probable. It should be noted, however, that the implicit population of protocells settles down at equilibrium with a constant proportion of optimal compartments (May-Thus, we know that the advantage of diploidy in reducing the deleterious effect of mutant alleles is only transinard Smith and Szathmáry 1995; Szathmáry and Maynard Smith 1997) . Within the same context, chromo-tory because diploids end up being worse off than haploids (Crow and Kimura 1965) . Mutation load could somes can be strongly selected for (Maynard Smith and Szathmáry 1993) .
help explain both the origin of chromosomes and the attainment of haploid asexual systems from the primitive To further analyze the previously shown consequences of linkage in reducing the mutation load, let us think of phase when unlinked genes were replicated separately.
Even more critical, mutation load could have been fatal diploidy as the optimum composition of templates within a protocell. Assume that there is no competition for the stochastic corrector model if chromosomes were not selected for early on. among templates within the same protocell (i.e., there are no selfish genes) and that its fitness depends on the copy
The considerations outlined here also suggest that the magnitude of mutation load in asexual organisms that number of templates and the number of deleterious mutant genes. At first sight, it seems that linkage may turn reproduce by binary fission (all bacteria) might well have been overestimated in theoretical models dealing with the out to be a disadvantage when fitness depends on the copy number of templates because random assortment of evolutionary advantage of sex and recombination (Kondrashov 1988) . If we could safely assume that the ratchet templates can easily result in an offspring cell with no genes at all. Thus, in the simplest situation with two was a negligible process among primitive protocell populations (however, see above), the alternative hypothesis genes in a diploid protocell, the probability that this happens is .004 for GS and .063 for CS, assuming that at the that sex primarily evolved as a repair system (Michod 1993) should be seriously considered. start the protocell has the optimum composition. The probability increases to .25 for CS in the worst case where the protocell is monosomic at the start. All other things being equal, this suggests that there is at most a Acknowledgments 25% disadvantage of CS in comparison to GS if the F. Rodríguez-Trelles and A. Velázquez made useful comnumber of genes is relatively large, but figure 2 also sug-ments to improve the arguments. I am particularly grategests that this disadvantage could eventually be over-ful to the associate editor and two anonymous referees, come. The situation, however, might not be so simple. If whose comments substantially improved and extended we assume, as above, that all N genes are essential for the the scope of an earlier draft. This work was partly supprotocell, the proportion of offspring cells lacking any ported by grants PB93-0843 and PB96-1136 from the gene in the case of GS increases as N increases, while it Ministerio de Educació n y Cultura (Spain). remains the same with CS. This is hardly surprising because the obvious advantage of linkage in the stochastic corrector model is to reduce the risk of loss of a particuLiterature Cited lar gene by random segregation. To summarize, I do think that there are at least three strong reasons to con-Bell, G. 1988a. Recombination and the immortality of the germ line. Journal of Evolutionary Biology 1:67-82. clude that chromosomes were strongly selected for at the cellular level: first, linkage reduces the competitive load ---. 1988b. Sex and death in protozoa. Cambridge University Press, Cambridge. because genes are replicated simultaneously; second, linkage reduces the assortment load because it assures that a Biebricher, C. K. 1983. Darwinian selection of selfreplicating RNA molecules. Evolutionary Biology 16: gene will find its complementing partners in the same offspring protocell; and, third, linkage reduces the muta-1-52. ---. 1987 . Replication and evolution of short-chained tion load. The first and second reasons rest on group selection and have been pointed out by Maynard Smith RNA species replicated by Qβ replicase. Cold Spring Harbor Symposia on Quantitative Biology 52:299-306. and , but in their model, the spread of a chromosome is prevented if the number of genes is Buss, L. W. 1987. The evolution of individuality.
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